INTRODUCTION 1
remained unchanged and to test only one variable in the system. It is known that phytate 1 influences iron uptake into Caco-2 cells independently of any effect on dialyzability. 18 
2
As iron is primarily absorbed in the duodenum and the most proximal part of jejunum 19 3 the study was set up to measure iron absorption from a peptic (pH 5.5) and a pancreatic 4 (pH 6.5) in vitro digest, corresponding to the digestion conditions in the lumen of the 5 proximal duodenum and jejunum respectively. 20 
MATERIALS AND METHODS 1

Chemicals 2
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (St. Louis, 3 MO) or BDH Laboratory Supplies (Dorset, UK). 4
Cell Culture 5
Caco-2 cells were obtained from the European Collection of Cell Cultures (Wiltshire, 6 UK). Cells at passage 47 were seeded at a density of 10 4 cells cm -2 onto 6-well 7
Transwell polycarbonate membranes with a pore size of 0.4 µm and an area of 4.7 cm 2 8 (Costar Corp., Cambridge, MA) and grown at 37°C in an atmosphere of 5% CO 2 in 9 standard growth media: Dulbecco's Modified Eagle Medium (Sigma D-6429) 10 supplemented with 10% fetal bovine serum, 1% non-essential amino acids, 1% L-11 glutamine, 100 U mL -1 penicillin and 100 µg mL -1 streptomycin. Culture media was 12 changed every 2-3 days. Iron absorption studies were conducted 19 days post seeding. 13
These conditions were based on preliminary studies showing that at this time maximal 14 iron transport had been reached and high transepithelial electrical resistance (TEER) 15 readings were consistently measured. 16
Preparation of the 3-tier system 17
The membranes were removed from 12 mm transwell inserts (Costar), which instead 18 were fitted with a dialysis membrane (cut-off 12-14 kDa, Spectra/Por 2, Spectrum 19 Laboratories, Inc., Rancho Dominguez, CA), fixed by a silicone ring (14 mm internal 20 diameter, purchased locally). The inserts were sterilized in 70% ethanol and washed in 21 sterile water before use. The inserts were placed above the 24 mm transwell membranes 22 MA) and equilibrated for 10 min. The pH was adjusted to 2.0 (with 2.0 mol L -1 HCl) 7 and the volume was made up to 4.0 mL prior to the addition of 0.2 mL pepsin solution 8
(40 mg mL -1 porcine pepsin, 600-1,800 units mg protein -1 , in 0.1 mol L -1 HCl), and the 9 samples were incubated 1 h at 37°C (200 rpm) in an incubator (Innova 4400, Incubator 10 Shaker, New Brunswick Scientific Co., Inc., Edison, NJ). After the pepsin digestion the 11 samples were divided into two. In the first 2.0 mL, the pH was raised to 5.5 by dropwise 12 addition of 5.0 mol L -1 NaOH, and the volume adjusted to 2.9 mL with 120 mol L -1
13
NaCl. These digests were stored at -20°C until iron absorption experiments. To the final 14 2.0 mL, 0.5 mL pancreatin-bile solution (0.4 mg mL -1 porcine pancreatin, 4 × USP 15 specifications, and 2.4 mg mL -1 porcine bile extract in 120 mmol L -1 NaCl) was added, 16 and the pH raised to 6.5 by dropwise addition of saturated NaHCO 3 . The volume was 17 adjusted to 2.9 mL with 120 mmol L -1 NaCl. These digests were transferred directly to 18 the 3-tier system for iron absorption experiments. 19
Iron uptake and transport by Caco-2 cells 20
Immediately before the pancreatic digestion period, medium was removed from the 21 cells and they were washed with 2 × 2 mL Hank's Balanced Salt Solution (HBSS), pH 22 6.5. Then 1.5 mL and 1.0 mL HBSS, pH 6.5 were added to the cell and basolateral 23 compartments, respectively. The transwell inserts with dialysis membranes were placed 24 above the cell monolayers and 0.5 mL of the pancreatic digests was placed in these 25 inserts. The plates and residuals of the intestinal digests (control for determination of 1 total soluble iron in the food digests) were incubated for 2 h at 37°C (65 rpm) in an 2 Innova 4400 incubator, then the digests, the dialysates and the basolateral solutions 3 were collected for determination of 55 Fe. Non-absorbed iron was removed from the cell 4 layers according to Glahn et al. 21 Briefly, the cell layers were washed in 2 × 2 mL 5 "rinse" solution (140 mmol L -1 NaCl, 5 mmol L -1 KCl, and 10 mmol L -1 piperazine-N-6 N'-bis(2-ethanesulfonic acid) (PIPES), incubated 10 min with 2 mL "removal" solution 7
(rinse solution with an additional 1 mmol L -1 bathophenanthroline disulfonic acid and 5 8 mmol L -1 sodium hydrosulfite) and washed with 2 × 2 mL rinse solution. Finally, the 9 cells were harvested with 1.5 mL, 200 mmol L -1 NaOH for determination of 55 Fe and 10 protein. Absorption studies with the peptic digests were performed in a similar manner. 11
Assessment of paracellular transport 12
After the pepsin digestion and the subsequent division of samples in two, 65 kBq 14 added to 400 µL aliquots of each control digest sample. Samples were held overnight at 1 room temperature. Subsequently they were centrifuged at 2575 × g for 10 min. Aliquots 2 of the supernatants (100 µL in duplicate) were transferred to a 96-well plate and 200 µL 3 N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES) buffer pH 9.9 and 4 25 µL ferrozine solution were added to each well. Absorbance (570 nm) was measured 5 after 1 h incubation, and sample iron concentrations were calculated from data 6 generated from standards. The content of phytate in the rye bread was measured as 7
individual IP 3-6 by high-performance ion chromatography. 23 The quantities of total 8 dialyzed iron, iron uptake and transport by the cells were calculated from the specific 9 
Statistical analysis 19
For each food sample four replicates were made with independent digests and plates for 20 each replicate and data given as mean ± SEM, n = 4. The effects of lactate or iron content 21 on iron movement between compartments were assessed by ANOVA with Bonferroni 22 post test and linear regression analysis of all data points using Prism 3.0 (GraphPad 23 Prism version 3.00 for Windows, GraphPad Software, San Diego, CA, USA). Means 24 were considered significantly different for P < 0.05. 25
RESULTS 1
Effects of lactate on soluble and dialyzable iron 2
Following the pepsin digestion the concentration of soluble iron in the digest was 8.2 ± 3 1.2 µmol L -1 while the equivalent concentration following the pancreatin digestion was 4 significantly higher, 11.2 ± 1.1 µmol L -1 (P < 0.001), with no effect of lactate on these 5
parameters. The concentrations of iron in the apical compartment below the dialysis 6 membrane (dialysate) after 2 h, and the percentage of the total amount of iron dialyzed 7 (sum of iron in the apical, cell, and basolateral compartment) relative to the total iron in 8 the 3-tier system (sum of iron in the digest, apical, cell, and basolateral compartment) 
Effects of lactate on iron uptake 17
Iron uptake into the cells over the 2 h in which the pepsin digestion was carried out in 18 the upper chamber was in the region of 39 to 76 pmol mg protein -1 in the presence of 0 19 to 200 mmol L -1 lactate in the digests (1.2 to 2.8% of the total soluble iron) with no 20 effect of increasing lactate concentration (Fig 3) . During the pancreatin digestion stage, 21 iron uptake decreased from 228 to 81 pmol mg protein -1 with an increase in lactate 22 concentration from 0 to 10 mmol L -1 , a decrease from 4.9% to 1.7% of the total soluble 23 iron in the system (P < 0.001). Further reductions in uptake with increasing lactate 24 concentration occurred, so that at 200 mmol L -1 only 0.2% of the iron in the system was 1 taken up by the cells (Fig 3) . 2 Following the 2 h pancreatin digestion phase only 53 pmol iron mg protein -1 was 22 transported to the basolateral side with no effect of lactate. It was not possible to 23 calculate the relative impacts of paracellular and transcellular iron transport as, 24
Effects of lactate on iron transport
following the addition of bile acids and pancreatin, only a negligible amount of 14 C-25 PEG was able to cross the dialysis membrane, 0.67 ± 0.14% (n = 20), although 2.6 ± 1 0.2% (n = 20) of iron was dialysed. Iron absorption in relation to dialyzable iron is 2 shown for the pancreatic digests in Fig 4 as well, but these absorption values only 3 includes uptake rates, as the transcellular transport was not determined. The transport 4 was however minor in these digests and not influenced by lactate concentration, so that 5 overall there was a positive linear relationship between dialyzable iron and total iron 6 uptake during the pancreatin digestion step as well (R 2 = 0.41, P < 0.01). During the 7 pancreatic digestion, at the higher pH (6.5 v. 5.5) a higher fraction of the dialyzed iron 8 was taken up into the cells than during the pepsin digestion step (Fig 4) . 9
The use of the 3-tier Caco-2 cell system to allow measurement of soluble and dialyzable 2 iron together with iron uptake and transport, all in one experiment provides a valuable 3 and novel approach to the assessment of bioavailability, and offers a further refinement 4 of the model developed by Glahn et al. 4 A second novel aspect of this study is the 5
experimental determination of what happens to iron when food leaves the stomach, 6
before it is mixed with pancreatic secretions at the sphincter of Oddi. The upper part of 7 the duodenum is recognized to be the area of maximal expression of brush-border 8 associated divalent metal transporter (DMT1) activity, especially following iron 9 deprivation. 24 The residence time of material in the duodenum is variable but 10 comparatively short following a meal, but as the free iron is probably still soluble due to 11 the low pH, and as food may empty from the stomach over a period of several hours, the 12 cells covering the duodenal wall will be exposed to pepsin digested food for a 13 prolonged period, and a significant part of the dietary iron could be taken up here. 14 For molecules to cross the mucous layer they must be present in low molecular weight 15 hydrophilic forms. In the 3-tier system this step is assessed by analyzing the proportion 16 of the soluble iron present in the food matrix that crosses the dialysis membrane. This 17 dialyzable iron will depend on the pH of the food matrix, 25 phytate content and the 18 presence of small organic acids such as citric acid and ascorbic acid, 26 and probably also 19 the lactate content, as investigated in our study. 20
21
The addition of lactate (0-200 mmol L -1 ) had no effect on the soluble iron content of the 22 food matrix in either the peptic (pH 5.5) or pancreatic (pH 6.5) digests. However, the 23 presence of increasing concentrations of lactate increased the amount of iron dialyzed 24 from peptic digests, leading to concentrations of iron within the dialysate in the region 25 of 0.9 µmol L -1 . In contrast, following adjustment to pH 6.5 and digestion with 1 pancreatin-bile, dialyzable iron concentration was reduced to 0.1 µmol L -1 , and in this 2 situation lactate further reduced the concentrations of dialyzable iron, presumably by 3 increasing the amount of iron complexed into particles larger than the molecular weight 4 cut-off of the dialysis membrane while still being effectively soluble. The improved 5 dialysability of iron, at pH 5.5, on addition of lactate may reflect competition between 6 the phytate naturally present in the rye bread and the lactate as previously suggested by 7
Salovaara et al. 27 The concentration of iron in the dialysates in these experiments is 8 therefore more than 2 orders of magnitude less than those routinely used to study 9 transport kinetics.
28,29 Therefore, saturation of key transporter activity is unlikely, and 10 the linear relationship between the concentration in the dialysate and uptake into the cell 11 reported here would be predicted, particularly as phytate concentrations were 12 standardised. Most food matrices used previously in Caco-2 experiments to assess 13 nonheme iron absorption have a total nonheme iron content in the region of 8-33 µmol 14 L -1 and a dialysate concentration of 0.5-4 µmol L -1 , 2,4,30 a more physiologically 15 meaningful range for the luminal content in the proximal small intestine and similar to 16 those used in the current study. A linear relationship between dialyzed iron and apparent 17 absorption is seen for both peptic and pancreatic digests (Fig 4) . This also explains why 18 low concentrations of lactate (< 50 mmol L -1 ) decreased iron absorption, as less iron 19 was dialyzed from these samples (% iron dialyzed, Fig 2) than from samples without 20 lactate. The inhibitory effect of lactate on iron uptake from the pancreatic digests 21 corresponds well with the inhibitory effect of lactate on iron uptake in Caco-2 cells 22 described previously 31,32 using solutions of lactate and iron at pH 6.8 and 7, 23 respectively, and our results would suggest that the inhibitory effect of lactate may be 24 associated mainly with a decrease in iron bioaccessibility, reflected in our study as 25 dialyzability, rather than an effect on solubility and therefore a lower availability for 1 absorption. 2
In the case of the peptic digest (pH 5.5) the amount of iron uptake into the cell does not 3 correlate with either the concentration in the dialysate or the basolateral media. This 4 might suggest that intracellular iron is not always a good indicator of bioavailability as 5 has been suggested previously. 18 The only significant positive effect of lactate on iron 6 absorption from the peptic digest was seen at the highest lactate concentration (200 7 mmol L -1 ). This concentration is in the upper range of what is seen in lactic acid 8 fermented foods that are high in lactate, 33, 16, 17 and taking into consideration the 2-3 fold 9 dilution of the food by gastric and intestinal secretions our data suggests that it is 10 unlikely that lactate will increase iron absorption from a meal. It is perhaps surprising 11 that the fractional uptake of dialyzable iron is higher following the pancreatic digestion, 12
where pH was higher, than after the peptic digestion (Fig 4) . As more iron is soluble at 13 the lower pH and as iron enters the cells across the apical membrane via DMT1, which 14 is a proton-coupled process and depends on the cell membrane potential, 34 it would be 15 predicted that iron absorption from the peptic digests, with the lower pH, would be 16 greater. The fact that it does not suggests that either the lower pH of the peptic digests 17 makes the Caco-2 cells less efficient, or perhaps more likely the pancreatic digestion 18 removes dialyzable, but inhibitory factors, from the food matrix, such as iron-peptide 19 complexes, and thereby increase iron uptake. 20
This initial study using the 3-tier Caco-2 cell model demonstrated that this system is 22 promising in studying iron uptake and transport from complex food matrices 23 undergoing digestion in vitro. The presence of lactate affected the amount of iron 24 dialyzed more than the transport, and thus highlights the importance of the dialysis 25 membrane in the system. It is probable that limiting export of iron from the cells in a 1 monolayer grown on the plastic base of the well would inhibit uptake, as a response to 2 increased intracellular iron, 35 and therefore also to the relation between dialyzed iron 3 and iron uptake. We therefore included the monolayer step in our model, but our PEG 4 data suggest the continuity of the 'epithelium' may have been compromised. To allow 5 for this in future, and to maximise the value of the system, kinetic transport studies of a 6 marker of passive transport, such as mannitol, should be made during the incubation 7 period so that permeability of the monolayer can be accounted for in the transport 8 measurements. The main purpose of the 3-tier model is to be able to measure iron 9 absorption from foods in a system in which the mucosal "setting" of the epithelial layer, 10 reflecting the iron status of individuals, is the main determinate of iron transport, 11 independent of the form of iron in the food. It still remains to be investigated how 12 serosal factors affect the transepithelial transport in the 3-tier system, i.e. the plasma 13 protein transferrin as an acceptor of iron 36 or hepcidin as a regulator of iron transport. 14 15
In conclusion, the 3-tier system described in this paper has the potential to obtain 16 detailed insight into each step involved in mineral transport across the intestinal 17 epithelium from food mixtures, thus providing a useful tool for designing foods with 18 maximal bioavailability. 19
20
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